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ABSTRACT
Characterization, Design, and Optimization of Dual-Purpose Wind Turbines and
Frost Protection Fans
Ethan Narad

This thesis report outlines the creation of a MATLAB tool to design reversible machines that can function as both wind turbines and as agricultural frost protection
fans. Frost protection fans are used to prevent crop loss during radiative freeze events
during which a temperature inversion is present. Such a dual-purpose machine fundamentally has the constraint that it must use symmetric airfoils, so a suite of tools
for automatically designing an optimized wind turbine blade with symmetric airfoils
using the Blade Element Momentum (BEM) theory approach is presented. The BEM
code is then re-derived and adapted for use with a frost protection fan, which is analogous to a propeller at zero free-stream windspeed. The relative performance of a
blade operating in fan mode is investigated using a turbulent jet entrainment model
to predict the time-averaged temperature rise provided by the fan during a thermal
inversion event. With these tools, an optimal configuration of blade pitch angle, rotor
tilt angle, and tower height can be found for a given wind turbine blade. The models
are incorporated into a cohesive program with a graphical user interface. The feasibility of such machines is found to depend heavily on the wind resource at a given
site.
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Chapter 1
INTRODUCTION

In orchards all over the world, frost protection fans, or “wind machines”, are used
to prevent catastrophic crop losses during cold-weather thermal inversion events. On
particularly clear and windless nights, the ground surface loses heat via radiation to
the sky, causing it to cool beyond the temperature of the air. This forms a gradient
of temperature that grows increasingly cool toward the ground. Because cold air is
denser than warm air, this is a stable configuration, meaning vulnerable crops near
the ground are surrounded by air that may dip well below freezing cold[10][3]. Wind
machines help alleviate this by blowing warmer air from several meters up down
onto the crops, mixing the inversion layer and increasing the temperature near the
ground. Other approaches to frost protection exist, such as performing low passes
with a helicopter or employing large propane or wood-fired heaters. However, these
methods can be very involved, requiring active participation by farmers, and can even
be dangerous in the case of the helicopter approach[4]. As these inversion events often
happen very late at night, wind machines offer a distinct advantage due to their ability
to be remotely and automatically activated[4]. Though they are fairly expensive and
require frequent maintenance, wind machines are used all over the world as failing to
protect against a single frost event can cause catastrophic crop loss[10].
While frost fans can turn energy into wind, wind turbines do the opposite. The
United States has seen large-scale adoption of distributed wind generation, defined
as projects that are not large-scale wind farms for the sake of direct contribution to
grid energy. This includes off-grid applications and installations designed to power a
specific system. In 2020, 36% of new distributed wind installations were developed
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specifically for the agricultural sector[21], the largest market after utility companies.
This sector primarily uses small wind turbines, defined as those having a nameplate
capacity of 100kW or less. Wind turbines of this scale are of particular interest for
this market, as smaller wind turbines are the closest in scale and usability to wind
machines.
A machine capable of operating as both a wind turbine and a frost protection fan
could suit the agricultural sector well. Where frost protection fans are required, they
most often sit idle, running only a few nights per year[4]. If these towers could instead
provide year-round wind power as grid- or microgrid-connected electrical devices, the
industry could lower its carbon output and potentially save on both electricity and
in fuel. In this report, methods to design and analyze the performance of such a
machine are derived and explored.

1.1

Wind Turbines

Wind turbines extract kinetic energy from the wind by using it to spin a rotor which is
connected to an electrical generator. The rotor comprises one or more blades, each of
which functions like a rotary wing. The incoming wind and the blade’s rotation cause
each location along the blade to experience relative wind in a particular direction. The
blade is designed such that this incoming wind hits the airfoil section at that location
at a favorable angle of attack. This causes the blade to generate lift. A significant
component of this lift is in the tangential direction, creating an increasingly strong
torque outboard of the rotational axis. This torque is what then spins the electrical
generator[16]. Wind turbines are seeing increased adoption in the agricultural sector
as many farms and vineyards have a substantial wind resource and benefit from the
on-site generation of emissions-free electrical power[21].

2

(a) Cal Poly Wind Power Research Center wind turbine

(b) An Orchard-Rite Wind Machine in
Cal Poly’s orange orchard

Figure 1.1: Cal Poly wind turbine and a typical wind machine
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1.2

Frost Protection Fans

Frost protection fans are visually similar to wind turbines, and are often mistaken
for wind turbines by the casual observer[10]. Like wind turbines, they consist of a
multi-blade rotor atop a thin tower. However, their function is essentially the inverse
of that of wind turbines in that power is generated externally and used to propel a
mass of air downstream. This air, which is collected near or above the height of the
rotor, is warmer than the air closer to the ground during a cold inversion event. The
rotor of the fan is tilted downward so that this warmer air can be propelled downward
to heat up vulnerable crops[10]. While these frost events can be uncommon, a single
unprotected frost can destroy entire crops, and wind machines have been found to
effectively prevent these losses[4].

1.3

A Combined Machine

While at first glance it may appear that one could simply power an existing turbine
for use as a fan, there are key differences between the designs of turbine blades and
those of fan blades. In a direct comparison between a turbine and a fan whose blades
rotate in the same direction and with the wind (ambient or generated, respectfully)
flowing in the same direction, the rotors will be applying force on the airflow in the
opposite direction. In other words, the turbine extracts energy from the flow and
decelerates it while the fan adds energy to the flow and accelerates it. This means
that, for the same direction of rotation, the thrust-induced blade deflection will also
be reversed.
As a result of this difference, the blades’ designs are not the same. The twist distribution of the blade is designed to achieve a more or less constant incident angle of

4

Figure 1.2: Illustration of the conflicting twist and airfoil camber directions
for turbines and fans.
airflow hitting the blade, and as such begins with the airfoils pointing almost directly
in the axial direction at the root, and almost fully in-plane with the rotor at the tip.
This is the case for both the turbine and the fan in this comparison, and their twist
distributions will progress in the same sense along the blade. However, the opposite
nature of the blades’ roles reverses the orientation of the airfoils with respect to the
blade. In the turbine case, the airfoil’s high-pressure side faces the oncoming flow,
redirecting it such that the aerodynamic torque acts with the rotor’s rotation and the
thrust acts in the direction of the flow. Conversely, in the fan, the low-pressure side
faces the oncoming flow, and the airfoil redirects flow using the mechanical torque in
the direction of the rotation applying a thrust in the opposite direction of the flow.
This conflict between twist and camber is shown in figure 1.2. Because of this, a blade
will not be compatible across operational modes, as one mode will necessarily require
the airfoil to operate ”upside-down”, severely limiting its angle of attack before stall
and limiting its performance to levels far below a purpose-built machine

5

Therefore, in order to circumvent this issue, a dual-purpose machine must be restricted to the use of symmetrical airfoils only. Since these have no camber, neither
side of the airfoil is inherently the high- or low-pressure side. Instead, this difference
can be controlled by varying the pitch angle of the entire blade to suit either fan or turbine operation. Discarding airfoil camber reduces the maximum possible performance
of each blade section by some amount, but this difference can be largely compensated
through careful blade design. It is the objective of this work to study this compromise, develop a tool for the systematic design and analysis of symmetric-foil blades
operating in both modes, and to use it to propose a rotor design “optimized” for both
purposes.

6

Chapter 2
TURBINE SIMULATION

2.1

Blade Element Momentum Theory

The performance of wind turbines is often calculated using the Blade-Element Momentum theory (BEM), which is a combination of Blade Element Theory and Momentum Theory[16]. By combining these theories, wind turbine and propeller performance can be calculated taking blade geometry into account. BEM allows for
comparison between the performance of different blades without having to do expensive Computational Fluid Dynamics (CFD) simulations.
Momentum theory defines a stream tube control volume containing an “actuator disk”
normal to the stream direction. This actuator disk is capable of adding or subtracting
energy from the system in the form of a discontinuous pressure jump. The velocity
changes continuously through the tube as a result of this, which in turn causes the
tube’s diameter to change. The pressure at the inlet and outlet surfaces is asssumed
to be equal to the ambient atmospheric pressure. This stream tube is illustrated in
figure 2.1.
The induction factor a is defined as the change in the ratio of flow speed through the
disk to the speed through the inlet face. An induction ratio of a = 0 implies the rotor
makes no change, while a = 1 implies that the rotor brings the air completely to a
stop. Additionally, wake rotation can be included with a rotational induction factor
a′ , which follows the same rule but applies to the tangential velocity rather than the
axial velocity. If the induction factors are known, then power, torque, and thrust can
be calculated. The power coefficient Cp is the primary metric used to assess turbine
7

Figure 2.1: The stream tube used for turbine BEM calculations
performance, calculated as shown in equation (2.1.1).

Cp =

Pturbine
Pturbine
= 1 3
Pwind
ρU A
2

(2.1.1)

where U is the incoming free-stream wind speed and A is the swept area of the turbine,
or the actuator disk area. This stream tube configuration can be analyzed to derive
the Betz limit, which shows that the maximum power coefficient of a wind turbine
occurs when a = 1/3, corresponding to a power coefficient of Cp = 0.59 with no wake
rotation.
In order to reflect the impact of the blade’s geometry, a more detailed model is
required. Blade Element Momentum theory extends momentum theory by dividing
the stream tube into several concentric stream tubes of annular cross-section. Each
stream ring corresponds to a discrete finite section of a turbine blade, which has
an associated chord length, twist angle, and airfoil profile as shown in figure 2.2.
Each ring, or section, has its own induction factor which is resolved through the
aerodynamics of the airfoil and relative velocities. The details of this model can be

8

Figure 2.2: Schematic of the BEM problem for turbines. Top: Stream
ring. Bottom: Velocity triangle

9

Figure 2.3: Performance validation against the Cal Poly Wind Research
Center turbine. Dashed line corresponds to analogous experimental data
found in many textbooks[16] and papers and will not be reproduced in full here. The
specific equations used for aerodynamic resolution are provided in section 5.2.1.

2.2

Validation

This BEM code was evaluated on a model of the Cal Poly Wind Research Center
turbine. Substantial test data at multiple Reynolds numbers is available from the
past work of Cunningham[7] on the Cal Poly rotor, which is of similar size to existing
frost protection fans and thus experiences Reynolds numbers similar to those that a
dual-purpose machine may expect. In figure 2.3, the simulated turbine performance
is shown alongside the measured data. The simulated data is scaled by a factor of
0.8, reflective of 80 percent generator system efficiency. This number was determined
in concurrent research by Niko Banks.
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The turbine responds correctly to changes in tip-speed ratio with constant Reynolds
number, including predicting the correct maximum power coefficient at the correct tip
speed ratio λ. However, to produce the curves above, the simulated Reynolds number
was set to half of those used by Cunningham as these were found to match the whole
turbine performance very closely. There are two factors that likely contribute to
this. One is that Cunningham’s approximation of Reynolds number was based only
on the turbine’s rotational speed and not the incoming wind speed, which would
have especially pronounced effects at lower tip-speed ratios since incoming windspeed
makes up a larger component of the relative wind vector. Additionally, the lift-drag
polars used for the RISO-A-18 and -27 airfoils, the sections used on the Cal Poly
turbine, were simulated using an nCrit of 9, the default for XFOIL. This nCrit value
is essentially a roughness parameter that governs how “easily” flow will transition
from laminar to turbulent over an airfoil, which is discussed more in the following
section. This corresponds to a ”clean” airfoil setup, whereas the turbine blades on
the Cal Poly rotor are somewhat weathered and have a chalkier texture. This likely
leads to early flow separation, a phenomenon replicated by XFOIL at lower Reynolds
numbers.
Overall, however, the code was found to very accurately model performance of a
geometrically specified blade, with potentially incorrect Reynolds scaling that still
trends in the correct direction.

2.3

2.3.1

Blade Shape Optimization

Airfoil Selection Scheme

As mentioned in the introduction chapter, dual-purpose machines are restricted to
the use of symmetric airfoils. While some published data on symmetric airfoil perfor11

mance exists[25], the list of airfoils is far from exhaustive and only includes information about foils of a few specific thicknesses. Additionally, these data typically span a
relatively narrow range of angles of attack, whereas this program occasionally requires
data outside this range. To obtain this data, the viscous 2D panel code XFOIL was
used. XFOIL is a prominent tool in the field of conceptual aerodynamic development
that calculates the pressure distribution across both sides of a specified airfoil at a
given Reynolds number and under specified boundary layer separation parameters[8].
With this pressure distribution, lift and drag values can be integrated and returned
over a specified range of α. It is of interest to select airfoils that will maximize the
power output for a turbine blade. Manwell provides a simplified equation to estimate
the power coefficient of a turbine blade without considering tip losses or drag, shown
in equation (2.3.1)[16].
8
Cp ≈ 2
λ

Z

λtip

sin φ2 (cos φ − λr sin φ)(sin φ + λr cos φ)(1 −

λhub

CD
cot φ)λ2r dλr (2.3.1)
CL

Each term in this model corresponds to a component of the overall torque force
experienced at each blade section, with λr representing the local tip-speed ratio, ϕ
representing the inflow angle (see figure 2.2), and CD /CL representing the inverse of
the lift-to-drag ratio. It is clear from this model that the power coefficient is directly
proportional to the maximum lift to drag ratio of the section airfoil, all else equal.
Therefore, this ratio was chosen as the variable subject to optimization.
The NACA Modified 4-series of airfoils was chosen due to its simple geometric parameterization. The airfoil shape can be fully defined by its maximum thickness,
the chordwise position of maximum thickness, leading edge radius index, and trailing
edge slope modifier[1]. Some example airfoils are shown in figure 2.4. A sweep of each
variable across a typical range of αs is shown in Figure 2.5, with all other variables
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Figure 2.4: Example 4-digit modified NACA airfoils
fixed to their value for the NACA 0012 airfoil. This sweep used a Reynolds number
of 5E+5 and an ncrit of 6.
The differences in performance brought on by the leading edge radius and trailing
edge modifier are significantly smaller than those of the thickness and thickness position. The former pair show very wide bands in figure 2.5 which indicates that they
do not affect the lift to drag ratio nearly as much as the latter, which are seen to
have distinct maxima. Of course, the location and magnitude of these maxima will
depend on the other parameters. To maintain a manageable number of variables for
selection, only the maximum thickness and its chordwise position will be considered
due to their larger impact. The leading and trailing edge modifiers are left at their
NACA defaults of 6 and 5 respectively. For most wind turbine applications, the airfoil
thickness is primarily driven by structural considerations[16]. Therefore, it will be
assumed that the thickness at any given blade section is prescribed. Also prescribed
13

Figure 2.5: Lift to drag ratio as a function of each of the four airfoil shape
parameters
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is the approximate Reynolds number for each blade section under its design condition, as this is driven by the relative wind speed and chord length. While both of
these parameters are unknown a priori, their value will not change substantially from
initial guesses that can be calculated from the operating conditions and the simplified
blade shape prediction equations. With these considerations in place, the selection
algorithm simplifies to the form shown in equation (2.3.2).

x/ct max = f (t/cmax , Re)

(2.3.2)

The airfoil selection scheme was based on the work of Tirandaz and Rezaeiha[25],
who used a similar scheme for the optimization of vertical axis wind turbines. A
2D grid of airfoil shapes was generated between thicknesses of 10 to 30 percent and
positions between 10 and 40 percent with one percent increments on both variables.
The performance of each airfoil was then determined with XFOIL. For consistency,
each simulation used the same ncrit value of 6, representative of a medium-roughness
airfoil[8]. This way, the design accounts for some level of wear and tear on the blades
rather than assume they remain as smooth as they are manufactured. This has the
effect of causing slightly earlier separation than the default ncrit value of 9. This
simulation grid was then repeated at Reynolds numbers ranging between 1E5 and
5E6 as these cover most conditions encountered in both turbine and fan modes. The
position of maximum thickness that had the highest L/D was extracted for each airfoil
thickness. The results of one of these sweeps is shown in Figure 2.6. The spike value
in the lower left of the surface plot corresponds to a thick airfoil with a very fowrard
maximum thickness, which has an almost square leading edge. This causes XFOIL
to experience convergence issues. However, such an airfoil is seen to be very far from
an optimum and would not be selected by the code.
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Figure 2.6: The surface and curves relating airfoil shaping parameters with
lift to drag ratio at a Reynolds number of 500,000 with default leading and
trailing edge modifiers.
At each Reynolds number, the maximum values appeared to follow a power law.
Multiple regression functions were tested on the data, and the power law curves fit
the data the most closely. The coefficients for each power curve were then stored in
a lookup table, allowing the functions to be evaluated and interpolated between for
each expected Reynolds number along the blade. These curves are shown in Figure
2.7.

2.3.2

Chord and Twist Distribution Optimization

The simplified CP equation shown in the previous section implies that power can be
maximized by maximizing the L/D of each section. Indeed, this method is suggested
by Manwell[16], and due to the simplifications in the equation, one can directly solve
for an ideal blade shape if the α of maximum L/D is known. However, the simplifications used in the equation (No drag, no tip loss effects) are not necessary in this case,

16

Figure 2.7: Airfoil selection curves spanning six Reynolds numbers. Values
are interpolated between curves by expected Reynolds number.
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(a) Unbiased Solution Space

(b) Biased Solution Space

Figure 2.8: Example section power surface for unbiased and biased chordtwist optimization at a single blade section. The optimum is marked with
a blue ‘x’
since these quantities are included in the numerical solution of the rotor simulation.
It is therefore possible to directly design each blade section’s twist angle and chord
length to maximize the power output. This section-by-section optimization respects
the limitations of BEM so long as there are no large discontinuities between sections
of the blade. An example solution space of this optimization problem for a single
blade section takes the shape shown in figure 2.8.
The solution surface has a nearly level ridge, seen in yellow on the figure, for which
the actual power output varies only a small amount, typically on the order of 1 to 2
percent. This means that, while there is technically one maximum, there is a broad
range of chord and twist combinations that will produce nearly the same power. It
is therefore possible to bias the solution space to favor a certain range of values over
others without detriment to the power output. In order to generate blades with
smaller chord lengths, which will be lighter and use less material to make, a “biasing”
c
factor of 1 − 2R
is multiplied to the section power value in the optimization function.
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This effectively shears the solution space, changing the ridge from level to sloped
and isolating the chord and twist distribution with the smallest chord value that still
generates this much power. Moving forward, blades produced with this scheme will be
referred to as “biased” while blades made with the unmodified optimization scheme
will be called “unbiased”. In the example case shown in figure 2.8, the biased optimum
produced roughly 98.5% as much power as the unbiased optimum while nearly halving
the chord length. The biasing factor 2R was selected as it most favorably produced
this balance between power and chord.
A set of turbines designed for a tip speed ratio of λ = 4 and windspeed of 10 m/s were
generated with the “default” geometry (optimized using a simplified BEM with wake
rotation but no tip loss or drag), the unbiased optimizer, and the biased optimizer.
These turbines, their power coefficients, and their solidities σ ′ are shown in table 2.1.
When using optimized airfoils, the differences in planform showed less dramatic
changes than those that were forced to use a constant NACA 0012 airfoil across the
whole blade. This is expected, as the airfoil selection scheme is a form of optimization of power as well. The unbiased blades, which simply targeted the pure maximum
power that BEM would allow them to make, resulted in highly unconventional blade
geometry with chord lengths nearing half the blade lengths themselves. Interestingly,
the airfoil optimization actually reduced the unbiased turbine’s performance, as it is
likely that its larger solidity and huge chord lengths overpowered the lower L/D provided by the less optimized airfoils. The biased scheme produced turbine blades with
nearly identical power coefficients, though the optimal airfoils allowed for slightly less
material to be used. It appears that both the blade planform optimization and the
airfoil selection optimization provided significant gains over the pure default case, but
combining the two resulted in only incremental improvement. As the biased scheme
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Table 2.1: Default BEM turbine, unbiased optimized turbine, and biased
optimized turbine with power and solidity data
Type
Optimal Airfoils
Cp
σ′
NACA 0012
Cp
σ′

Default

0.459

23.5%

0.445

23.5%

Unbiased

0.469

27.1%

0.471

31.3%

Biased

0.465

17.5%

0.463

18.0%
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produced nearly as much power as the unbiased scheme while having significantly less
material than the default blades, it is the selected scheme for this project.
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Chapter 3
FAN SIMULATION

In order to assess the machine’s performance as a frost protection fan, its aerodynamic
behavior under powered conditions must be calculated. Much like with the wind
turbine analysis, a quick geometry-aware method is needed. Conveniently, BEM is
also commonly used for analysis of propellers, which are analogous to fans when not
advancing, as the fundamental problem being solved is the same. Less conveniently,
available formulations of BEM for propellers rely on some forward advance as all
quantities are calculated with induction as a multiplier on freestream velocity, which in
this case is zero. Some tools for calculating zero-advance propeller performance exist,
such as Mark Drela’s Qprop [9]. Qprop is based on a lifting-line model as opposed
to a BEM model, and is coded in a way that works without advance. However,
as will be discussed in the Validation section, Qprop’s static propeller performance
prediction is of low accuracy. Other techniques, like RANS CFD, require several
orders of magnitude more time to converge than simpler BEM calculations. Instead,
a new BEM formulation is calculated to allow for static propeller (or fan) performance
preditction.

3.1

BEM for fans

As discussed in the introduction, the main difference between fan and turbine operation is the reversal of the energy transfer between the machine and the fluid. In
terms of the stream tube, this means that the flow accelerates through the disk and
the stream width contracts.
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Figure 3.1: The stream tube control volume used for fan analysis, with
velocity and pressure plots
Further, to allow for static performance, the upstream end of the streamtube is assumed to be infinitely wide and have an incoming windspeed of zero. This is similar
to the analysis used on helicopter rotors in hover, which usually stops short of a full
BEM implementation.[26] The derivation of the equations used for this program are
presented in appendix A.

3.1.1

The Induction Factor h

In order to continue BEM, an important change must be made from the standard set
of equations. The incoming airflow is typically represented as a scalar multiple of the
freestream velocity, which breaks the formulation when the freestream speed is zero.
Therefore, a different induction factor h is borrowed from helicopter formulations
which represents the local axial fan-induced flow speed divided by the average axial
fan-induced velocity across the whole disk[26], illustrated in figure 3.2. This implies
that the area-weighted average value of h over the rotor disk must be 1, as described
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Figure 3.2: Visual interpretation of the induction factor h
in equation (3.1.1) where hr is the value of h at radial distance r.
Z

2π

R

Z

hr r dr dθ = 1
0

(3.1.1)

0

Another variable that must be redefined in this configuration is the tip-speed ratio λ.
Since this is defined for turbines as λ =

RΩ
Uinf

and Uinf = 0 for fans, a new variable λh

is defined as shown in equation (3.1.2).

λh =

RΩ
ud

(3.1.2)

This quantity, henceforth referred to as the generated tip speed ratio (TSR) λh , can
be described as a function of radial distance r in the same way as the local tip speed
ratio λr , which is referred to as λhr and is useful for defining the relative wind speed
as shown in equation (3.1.3). For a given blade, λh is characteristic and defines the
slope of the line relating rotational speed to throughput wind speed[6].
Most of the equations defining the flow carry over from turbine BEM with the only
changing term being urel , the airflow vector seen in the reference frame of the airfoil.
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Figure 3.3: Velocity triangles for turbine and fan BEM formulation. Airflow and rotation are in the same direction in both cases
This can be represented in multiple ways as functions of the sides of the velocity
triangle in Figure 3.3 as shown in equation (3.1.3).
ud h
sin φ
p
= ud h2 + (λhr (1 − a′ ))2

urel =
urel

urel =

(3.1.3)

ud λhr (1 − a′ )
cos φ

These equations can then be solved simultaneously to resolve the inflow angle and
speed at each station, and then to calculate lift, drag, torque, thrust, and power. This
is described in more detail in the Implementation section in chapter 5.3. A derivation
of these equations and further manipulation is included in appendix A.

3.2

Validation

This BEM method is compared against static propeller test data, as this data exists
at sufficient levels of detail for comparison and is physically identical. Brusse, Cronk,
and Kettleborough[5] manufactured and tested four 4-bladed propellers with Clark
Y airfoils and varied their pitch to investigate its effect on static thrust and power.
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Figure 3.4: Comparison of NASA CR-1501 propeller test data against this
code.
This report contained sufficient detail about the propellers to allow for reproduction
in the simulation, including airfoil sections and chord and twist distributions. Results
of their test on propeller A are shown and compared to the output of this code.
The data are presented using the propeller-derived power and thrust coefficients used
in the report. These coefficients kP , kT are different from the turbine coefficients
CP , CT and are calculated as shown in equation (3.2.1) where n is the rotational
speed in Hz.
kP =

T
P
, kT = 2 4
3
5
ρn D
ρn D

(3.2.1)

This comparison shows good agreement until the simulation’s early stall prediction.
Errors remain low until a pitch angle of six degrees past design (21 degrees past
neutral), at which point the simulation shows thrust dropping off rapidly. This is
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(a) Fan efficiency

(b) Fan power

(c) Disk windspeed

(d) Generated TSR

Figure 3.5: Changes in performance of an example fan in response to blade
pitch angle. Invalid region post-stall is demarcated with dashed line
likely due to BEM’s assumption that flow does not spread spanwise along the blade
because each section is simulated independently. This may cause the code to fail to
capture flow fields that could help delay the onset of stall, much like the way that high
disk loading requires the empirical Glauert extrapolation for turbine induction factors
greater than 0.5[16]. However, this stall occurs at power coefficients corresponding
to very high power inputs, well past the point of maximum propeller efficiency. As
seen in figure 3.5, the stall point corresponds to the highest wind speed, and anything
beyond this will see more power for less speed and is therefore undesirable. Further
validation of the fan code is achieved through full field simulation, which will be
described in the Fan Wake chapter.
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Validation against Qprop was attempted, and the simulation was found to predict
lower performance than Qprop, meaning Qprop also predicted higher thrust than was
measured in CR-1501. Other researchers that have used Qprop to predict propeller
performance have found similar overpredictions[22], so it was determined that comparison with Qprop would not be a worthwhile benchmarking exercise. Comparison
against higher-fidelity methods is another opportunity for future work.

3.3

Optimization

Typical generated tip speed ratios (λh ) for fans operating near maximum efficiency
tend to be on the order of 10 to 14. This is typically the minimum generated TSR
across the range of blade pitch as well, as seen in figure 3.5. This is significantly
different from tip-speed ratios typically used by small wind turbines, which tend to
be on the order of 4 to 8. These tip-speed ratios should also be multiplied by

2
3

for

a more apples-to-apples comparison with λh , as this better reflects the effect of the
induction factor a on the air speed at the turbine disk. Because of this difference, a
twist distribution optimized for one configuration will be different than one optimized
for the other. Designing the turbine for higher tip speed ratios results in a fan that
operates best at a λh of 30, and comes with other significant drawbacks that will be
discussed in more detail in the results and examples section.
The planform optimization is instead focused on turbine mode due to the share of
time that will typically be spent in each mode. Frost protection fans are only used
on nights with thermal inversions, which occur on the order of ten nights per year
in places like The Dalles, Oregon[4], or only around three in warmer locations like
San Luis Obispo[19]. On the other hand, the machine would operate in wind turbine
mode as often as there is available wind, which in an appropriate location would be
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nearly every day. Therefore, the largest gains for the system overall come from its
efficacy as a turbine so long as the orchard or vineyard is sufficiently covered.
This leaves only the blade pitch θ and the fan speed ΩF as freely configurable variables.
From Figure 3.5, it is clear that there exist pitch angles corresponding to maximum
fan efficiency as well as outright maximum windspeed. The selection between these
targets will be discussed in further detail in later sections. To target either of these
points, a simple one-dimensional gradient ascent algorithm may be employed, such
as the MATLABTM function fminbnd [18]. The rotor speed can then be set based on
operating constraints, such as an RPM limit due to the motor or gearing, a Mach limit
for the tip speed, or a power limit based on the motor used. Below whatever limit is
chosen, the fan airspeed can be changed nearly linearly by varying ΩF . This linear
variation is supported by the fan affinity laws, which state that the performance of
fans is self-similar. This self-similarity is derived from the Buckingham Pi theorem[6].
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Chapter 4
FAN WAKE SIMULATION

To assess the performance of a frost protection fan, it is necessary to model the way the
fan’s wake propagates downstream and affects the temperature of the air. Existing
models are either highly empirical with no room for variation between fans[4], or
require computationally expensive CFD models such as large eddy simulations[12].
As a result, neither approach is particularly useful for the development of fan designs
and a new model must be developed.
The governing performance metric of a frost fan is its coverage area[4][3], which represents the total area that can be effectively raised above the crop’s critical temperature.
Unfortunately, this temperature varies from crop to crop[10], and the fan’s effectiveness depends strongly on the inversion conditions and the fan’s height and tilt angle.
At the time of writing, no standard could be found for comparing different machines
due to the large number of variables. Therefore, for comparison purposes, an inversion
of 0°C at the ground and 6°C at 10m height will be used, with a critical temperature
of 3°, or 50% of the inversion strength measured at 1m above the ground. These
parameters are loosely based on the observed conditions in Heusinkveld et. al.[12].

4.1

Turbulent Jet Model

The wake of a propeller or fan can be modeled as a turbulent jet to high accuracy[14].
A turbulent jet is characterized by a momentum source, in this case the fan, which
supplies a fluid flow at a known velocity over a known orifice area. This fluid moves
downstream while entraining surrounding fluid into the jet through a ring of dominant
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Figure 4.1: Regions and key features in a turbulent jet
eddies. The movement of these dominant eddies is used to characterize the flow at
any point along the jet.
The flow is separated into two main regions. The Zone of Flow Establishment (ZFE)
extends from the jet source to about 6.2 diameters downstream[15] and contains the
potential core, a conical region that tapers down from the source in which the fluid
keeps its original velocity and is not mixed with any ambient fluid. Although the
velocity profile at the fan exit is not flat as assumed in the model, many studies
have found that this does not affect the flow profile beyond the ZEF and that assuming a “top-hat” profile (i.e. constant velocity across the fan) introduces negligible
error[14][5]. After all of the fluid is mixed, the flow transitions to the Zone of Established Flow (ZEF). At this point, the width of the jet spreads linearly[14] as it
entrains more ambient fluid. Throughout this process, the momentum flux in the jet
is conserved. This increase in area therefore leads to a decrease in speed proportional
to the inverse of the distance from the jet. A simple jet is illustrated in Figure 4.1.
Within the cross-section of the jet in the ZEF, the velocity field is modeled as having a
Gaussian distribution with the jet width indicating 50% of the centerline speed. The
concentration of original jet material also has a Gaussian profile which is proportional
to the velocity spread through the ratio λjet = 1.2[15]. NASA CR-1501, which was
used to validate fan performance, also placed velocity probes in the wake of the
propeller which agree with the Gaussian profile model[5].
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The turbulent jet model can be extended to a second dimension in order to include
the effects of buoyancy and ground impingement. In addition to being a momentum
source, the fan is now also a buoyancy source which affects the component of momentum in the z (vertical) direction. The buoyancy is calculated as a function of
the temperature difference between the jet and the ambient fluid. The temperature
calculation is described in more detail in the next section. The inclusion of buoyancy
in the model provides an important constraint on the fan’s performance, as it must
blow fast enough for the plume to reach the ground before its buoyancy lifts it away
from the crops.
Jets such as these lend themselves well to a Lagrangian formulation. This allows
the path of the jet to be described as a set of differential equations which are then
integrated over time. For a buoyant, round, turbulent jet in a stratified fluid, the
equations from Lee and Chu (2003)[15] describe the spacial rate of change of plume
width r, momentum fluxes Mx and Mz , position x and z, and centerline concentration
c. The buyoancy terms are dependent on the Froude number, a nondimensional
quantity describing the ratio between inertial and buoyant forces. The Froude number
is calculated in equation (4.1.1) and the potential core width R is shown in equation
(4.1.2).

r
ρjet − ρamb
D
F r = V0 / −g ∗
ρamb

R̂ =

−r̂ 1
+
4
4

(4.1.1)

s
4

M̂
− 3r̂2
1 + 2F r−2 ẑ

(4.1.2)

The sets of differential equations governing the path’s behavior are enumerated in
section 5.4.
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4.1.1

Ground Impingement

Ground impingement is a complex interaction that is difficult to accurately model numerically, through its effects can be approximated with a simplified model. DRIFT
is a proprietary software used in the United Kingdom for the assessment of the dispersal of hazardous gases by the Health and Safety Executive[24] that uses a similar
Lagrangian approach to jet modeling. While the specific modeling of impingement
is not included in the documentation of this code, it is dealt with “very simply and
is appropriate for shallow impingement angles where there is not much transfer of
downward momentum to pressure which would enhance lateral spread” (G. Tickle,
private communication, 29 November 2021). This lateral spread was investigated by
the same author for gaseous jets impinging on flat plates[13], and was found to depend
on the impingement angle through equation (4.1.3)
180φ 2
180φ
βφ
= 8e-4(
) + 8.8e-3
+1
β0
π
π

(4.1.3)

where β0 = 0.17 is the free jet spread rate and βφ is the impinged spread rate, and
φ is the plume’s path angle at the point of ground contact. The output of DRIFT,
including the simplified impingement model, has been extensively validated against
experimental data[23].
The simple ground impingement model used in this thesis has two phases. The first
phase begins when the lower momentum boundary makes contact with the ground.
At this point, the centerline of the plume is not affected, but the previously circular
plume cross-section is split into an upper and lower semi-ellipse. The lower ellipse is
bounded by the ground, and the upper ellipse grows such that the momentum flux
is unchanged while maintaining the continuous velocity decay. The next phase is
initiated when either the plume path becomes horizontal due to buoyancy or when
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the plume centerline hits the ground. In this phase, the semi-ellipse model is still
used, and the plume centerline is assumed to propagate in a straight line.
Wall jets, which are turbulent jets near walls, are attracted to the wall surface due to
the Coanda effect. The velocity of the jet creates a region of slightly lower pressure,
which is usually resolved through the expansion of the plume. If a wall prevents this
expansion, the low pressure instead has a tendency to make the jet “stick” to the wall
surface[15]. Working against this, the plume still has a slightly higher temperature
than the ambient air during its operation, so the buoyant lifting force is still present.
Due to the complexity in modeling the coupling of these phenomena, they are assumed
to cancel out for the purposes of this model.
The ground surface in field applications will vary substantially from orchard to orchard, crop to crop, and throughout the year. An apple orchard will have significantly
different surface effects than a grape vineyard, for example. To accurately model the
effects of different crop types on the propagation of wind would be highly complex
and is beyond the scope of this investigation.
This code serves primarily to benchmark and compare performance of different fans
in a controlled environment. It is not the objective of this model to accurately predict
the actual real-world performance of a fan in an actual orchard, but rather to provide
a metric through which to compare the effectiveness of different designs. For this
purpose, the simplified ground interaction model provides adequate results which will
be discussed further in the Validation section.

4.1.2

Temperature Prediction

Temperature plays a critical role in the performance of a frost protection fan. This
role is twofold; the temperature within the plume governs both the plume’s motion,
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Figure 4.2: Temperature profile superposition
through buoyancy, and also provides the actual figure of merit for the fan via comparison against the crop’s critical temperature. Similar turbulent jet analyses have
shown that the temperature difference between the jet core and ambient fluid is directly proportional to the concentration of original fluid mass[2][15]. However, these
models do not account for thermally stratified ambient fluid, instead being developed
for a surrounding fluid of a single temperature. It is assumed in this code that the
temperature difference across the jet’s width is superimposed on the existing inversion
gradient. This composition is illustrated in Figure 4.2.
The temperature at the centerline of the jet changes at the rate of concentration
change multiplied by the difference between the centerline temperature and the ambient temperature at the plume’s height. There is an additional velocity dependency
term included that increases the rate of temperature change as the plume’s velocity
decreases far downstream to approximate conductive heat loss and buoyant lift off effects. The change in concentration is derived from mass and momentum conservation
in Lee[15] as equation (4.1.4).
√
π
dc
= −5.94 ∗ 2
ds
2s
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(4.1.4)

Table 4.1: Specifications of wind machine from Heusinkveld et. al.
Tower height Diameter Tilt angle Fan Speed
10.5 m
5m
7°
540 RPM
This is then used to determine the rate of change of temperature in the wake. More
details about this model are provided in the wake implementation section in Chapter
5.4.
Finally, the thermal inversion must be modeled. By definition, this inversion must
have a ground temperature that is lower than temperatures at greater heights. Typically, these thermal inversions have an exponential falloff as a function of height[12],
which can be modeled using equation (4.1.5)

T (z) = −(Ttop − Tbottom ) ∗ exp(

−4z
) + Ttop
ztop

(4.1.5)

where subscripts indicate the corresponding location of the defining value. The height
ztop defines the scale of the inversion profile, where T (ztop ) ≈ 0.96 Ttop .

4.2

Validation

Though accurate temperature prediction is not the goal of this code, it is still important to validate against existing data to ensure that the behavior of the plume is
realistic. If it is realistic enough, it can also be used to benchmark against designs
from the real world. One particularly detailed study was performed by Heusinkveld
et. al.[12], who measured temperatures and wind speeds at many points in a welldefined thermal inversion with an Orchard-RiteT M wind machine similar to those
on Cal Poly’s campus. The wind machine parameters are enumerated in Table 4.1.
A detailed thermal inversion profile was recorded right before activating the wind
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(a) Inversion profile

(b) Temperature change at 1m height

Figure 4.3: Comparison between Heuskinveld et. al. and simulation
machine. This profile is compared against the exponential inversion in Figure 4.3.
With these parameters, the fan can be simulated. The primary variable of interest
is the temperature at crop height. The study’s data and the present simulation are
compared in figure 4.3. The code predicts that the fan has a very similar effect on
the temperature at this height. The study indicated a higher temperature rise close
to the fan (i.e. ¡100m), which is missed in the simulation. This is likely because
the simulation does not include any model for flow that recirculates back toward the
fan upon hitting the ground, which would contribute to additional mixing and would
help protect nearby crops. This may also contribute to the model’s underprediction of
temperature change between 75 and 100m. The model does fit the curve very closely
for distances around 100-175 downstream. This is the area of key importance, as this
corresponds to a coverage area between 3 and 10 ha, which span the range of areas
described by manufacturers and government associations[3][10]. After this distance,
the model seems to underestimate the measured temperature delta. This is because
the ambient temperature was not the same everywhere downrange, as there was a dip
past roughly 200 meters. The plume temperature did not actually increase, but the
relative delta did due to the drop in ambient temperature.

37

Chapter 5
IMPLEMENTATION

5.1

Program Structure

The program primarily consists of three main simulation modules for wind turbine
performance, fan performance, and wake calculation. Each of these main modules
contains subroutines for intermediate calculations, especially for the turbine and fan
modules. These modules share data structures and were written such that data from
one could be easily passed to the others. Each module will be described in more detail
in the following sections.

5.1.1

File Types

The program operates on four main types of data, which are as follows:
Airfoil data: These files contain three arrays corresponding to angle of attack α, lift
coefficient Cl , and drag coefficient Cd . These data are generated using XFOIL, and
each file corresponds to a single airfoil polar simulated at a single Reynolds number.
The generation and processing of these files will be described in further detail in the
next subsection.
Blade data: A rotor design can be saved as a blade file, which is stored in MATLAB
as a structure containing variables enumerated in table 5.1. These fully define a
blade shape and allow the same file to be used in both the turbine and fan simulation
modules. Each vector quantity is subdivided into as many sections as specified by
the user.
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Table 5.1: Format of the blade structure
Variable name Type
Description
B
Integer
The number of blades on the rotor
The pitch angle applied to the entire
pitch
Double
blade
The blade section from which to begin
hubmark
Integer
simulation. Allows for exclusion of hub
Vector containing the bladewise coordir
Double array
nate of each blade section
Vector containing the chord length of
c
Double array
each blade section
Vector containing the twist angle of
twist
Double array
each blade section
A list of the airfoil profiles used at each
foils
String cell array
section
Operating condition structure: A structure containing operating condition information is used to fully define a simulation for turbine and fan modes. This structure
contains atmospheric data, such as pressure, density, temperature, and viscosity, as
well as operational variables like tip-speed ratio for turbine mode or RPM for fan
mode.
Performance output structure: Each simulation module outputs its own specific performance data. For turbine and fan modes, these data are divided into two structures
each, one that contains information about the whole rotor performance such as total
power, torque, or thrust, and another one that contains arrays of discrete variables
at each blade section such as inflow angle, angle of attack, aerodynamic coefficients,
induction factors, and contributions to total forces.
The wake simulation module contains a different set of variables that instead provide information for each spacial step in the simulation. This includes quantities like
centerline velocity, plume width, centerline temperature, location, and time. Additionally, data such as isotherm paths and temperature at a given height are included.
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Figure 5.1: Flowchart describing the operation of the MATLAB tool
These will be discussed in more detail in the wake simulation section. The overall
structure of the program is shown in Figure 5.1.

5.1.2

Airfoil Management

In order for airfoil data to be effectively used in the program, it must be smooth,
cover a full 360°range of angles of attack, and span the full range of possible Reynolds
numbers. The procedure for obtaining such data begins with a polar computed with
XFOIL between 0 and 15°angle of attack, keeping within the near-stall bounds for
which XFOIL is valid[8]. This data is then extrapolated using the Viterna method.
This method was chosen as it provides reasonable predictions for post-stall airfoil
performance derived from flat plate theory[29], and does not require the user to specify
additional parameters which allows for automation of data generation. An example
use of Viterna extrapolation is shown in Figure 5.2. The XFOIL simulation ends at or
just past stall, and the Viterna extrapolation smoothly transitions it to the flat-plate
curve. Notably, the maximum L/D point occurs well before the extrapolated regime.
The polar data is then smoothed minimally using a moving average gaussian filter to
eliminate noise and abrupt transitions. This is necessary for the turbine optimization
module as the ridges induced by noisy polar data prevent the gradient ascent from
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Figure 5.2: Viterna extrapolation on the Re=5E5 polar for the NM 166305
airfoil
functioning properly. The solution space for a blade section’s optimization is shown
with and without smoothing in Figure 5.3
The airflow regimes experienced by machines of this scale span Reynolds numbers on
the order of 1E+5 to 5E+6, depending on the size and speed of the rotor. Across these
values, airfoil behavior changes significantly, especially at higher angles of attack.
These effects has been illustrated for wind turbines of this scale in the thesis work of
Cunningham[7]. In order to incorporate these effects into the simulation, a system
needed to be devised to allow for airfoil polars of different Reynolds numbers to be
interpolated between on the fly without needing to be specified by the user. The
schematic for this system is presented in Figure 5.4.
Ultimately, the lift and drag values for a particular blade section are interpolated
between the two closest adjacent Reynolds number values. If the Reynolds number
falls out of range of the available data, the closest value is used.
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(a) Rough power surface

(b) Rough L/D curve

(c) Smooth power surface

(d) Smooth L/D curve

Figure 5.3: Comparison of smooth and raw airfoil impact on optimization
space with a NACA 0012 airfoil section

Figure 5.4: Flowchart of the airfoil performance calculation procedure
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The fully processed smooth 360°polars for each airfoil at each Reynolds number are
stored as .mat files named for their respective airfoil profile, followed by a Reynolds
number suffix such as Re5E5. These are precomputed to greatly reduce simulation
time, as polar data are accessed between tens and hundreds of times per simulation.
A total of 2,400 airfoil polars were generated for this implementation, and a script to
generate more as needed is included.

5.1.2.1

Automatic Airfoil Generation

As described in section 2.3.1, the NACA modified 4-series of airfoils is used in this
program. Unlike the standard 4-series, there is not a standard naming scheme to
describe these profiles. For this program, the naming scheme NM TTLMME format is
used, where TT is the airfoil thickness in percent chord, L is the leading edge radius
index, MM is the position of maximum thickness in percent chord, and E is the trailing
edge slope modifier. No camber information is required in this case as only symmetric
airfoils are being considered. As discussed in section 2.3.1, the thickness and position
of max thickness are the only variables that change in this program, so all foils take
on the name NM TT6MM5. These airfoils are generated per the equations described
in Theory of Wing Sections[1] with 50 cosine-spaced points on each side. These
coordinates are then directly fed into XFOIL for simulation.

5.2

5.2.1

Turbine Module

Turbine Simulation

The blade solution algorithm is based on the solver from Qblade[17] and Manwell[16].
The main difference is that rather than iterating without guidance, this program uses
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Matlab’s fsolve function to converge on a solution for each blade section as it was
found to prevent divergence issues. The code steps across the blade one section at
a time. In each step, the following equations (5.2.1) through (5.2.10) are solved in a
function named iterateStepT.m.

a = (guess)

(5.2.1)

a′ = (guess)

(5.2.2)

φ = arctan

1−a
(1 + a′ ) ∗ λr

(5.2.3)

[Cl , Cd ] = lookup(airfoil, α, Re)

(5.2.4)

Cn = Cl cos φ + Cd sin φ

(5.2.5)

R−r
r
B
2
F = arccos(exp(− ∗ |g/f |))
π
2
f = sin φ, g =

CT = σ ′ ∗ (1 − a)2 ∗ Cn ∗ sin φ−2

a=




(4 ∗ F ∗

sin2 φ
σ ′ Cn

√



 18F −20−3

+ 1)−1

CT (50−36F )+12F (3F −4)
36F −50

a′ =

a tan φ
λr

if CT < 0.96F

(5.2.6)
(5.2.7)
(5.2.8)

(5.2.9)

if CT ≥ 0.96F
(5.2.10)

The error between the last calculated a and a′ are compared against the guesses
and this error is driven to zero. This solution typically takes around 10 iterations
to converge, taking on the order of 0.1 seconds. The second case for calculating a
in equation (5.2.9) is an empirical relation derived by Glauert[16] that allows for
simulation of components under high thrust loading which would otherwise return
non-physical results.
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Once the performance has been calculated for each blade section, results can be
numerically integrated to obtain whole-rotor values for torque, thrust, power, and
their respective coefficients.

5.2.2

Turbine Optimization

The optimization scheme described in section 2.3.2 is implemented using the MATLAB function fmincon, which uses a sequential quadratic programming solver to
minimize a function[18] with bounds on the input variables. In this case, the target
for maximization (i.e. minimizing the negative version) is shown in equation (5.2.11).

Pr = f (c, θ)

(5.2.11)

where Pr is the power produced by a single blade section, and c and θ are the chord
and twist values of that blade section. This function is the blade section solver
algorithm described above, which is fed through fmincon for each blade section. The
constraints on the solution bound the chord length to prevent it from producing large
discontinuities such as doubling the chord length between sections.
The code sometimes produces blades that are not entirely smooth, such as the rotor
shown in figure 5.5. The main contributing factor to this roughness is the changing
airfoil sections across the blade. Since the airfoils are chosen based on their thickness
and Reynolds number, two adjacent blade sections can have different airfoil profiles,
which will change the solution space for the optimizer and create an optimum that
is not immediately adjacent to that of the previous blade section. In this case, even
at different resolutions, the blade has a “kink” at the same radial location, implying
that the cause is not an incorrect optimum but rather a byproduct of the simulation
method. In the very high resolution case with 50 blade sections, the individual
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(a) 10 blade sections

(b) 20 blade sections

(c) 50 blade sections

(d) Angle of attack and section power for 50-section blade (GUI screenshot)

Figure 5.5: An optimized blade with non-smooth geometry at three different resolutions (R=2 m, λ=6, U=10 m/s, Cp =0.47)
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transitions between different airfoil profiles are visible as discrete jumps in the blade
geometry. The main notch is still seen in the same place as on the other blades, as
well as smaller notches elsewhere that were previously narrow enough to be obscured
by the lower resolution. The angle of attack chart shows distinct steps where the
thicker airfoils toward the root seek a different optimum point than those farther out.
After r/R ≈ 0.45, the airfoil profiles become thin enough to not change much between
sections, resulting in the smoother curve that tapers off towards the tip as the tip loss
factor F becomes more significant. Importantly, note that the section power curve is
smooth, as this is the actual target for optimization.
Depending on the number of blade sections and the computer used, optimizing a
blade typically takes between 5 and 15 seconds. A loading bar has been implemented
to assure the user that the program has not frozen during this time.

5.3

Fan Module

Like the turbine simulation code, the fan simulation numerically iterates on two
variables. However, due to the characteristic nature of the generated TSR λh , it is
possible to isolate this variable from the others and instead have the actual iteration
take place on only one variable. For this program, the inflow angle φ was chosen.
This iteration is completed in a similar way to the turbine code using the following
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equations (5.3.1) through (5.3.11).

φ = (guess)

(5.3.1)

α=θ−φ

(5.3.2)

[Cl , Cd ] = lookup(airfoil, α, Re)

(5.3.3)

Cn = Cl cos φ − Cd sin φ

(5.3.4)

Ct = Cl sin φ + Cd cos φ

(5.3.5)

R−r
r
2
B
F = arccos(exp(− ∗ |g/f |))
π
2
Ct F
ζ=
4 tan φ cos2 φ
1
a′ = ( + 1)−1
ζ
f = sin φ, g =

h = λhr (1 − a′ ) tan φ
r
F
φ = arcsin( σ ′ Cn )
4

(5.3.6)
(5.3.7)
(5.3.8)
(5.3.9)
(5.3.10)
(5.3.11)

The error between the last calculated phi and the guess is then driven to zero using
a simple bisection algorithm. This can be done as this error function typically only
has one root. Across the whole blade, the swept-area-weighted average value of h is
calculated. By definition, the system has been solved once this averaged h is equal
to 1. To accomplish this, the entire above process is wrapped in another iterator
operating on the generated TSR λh . This iterates until the h condition is met, which
usually takes only one or two iterations with a judicious initial guess of λh ≈ 15.
As with the turbine simulation, the values at each blade section can be integrated to
get torque, thrust, and power for the whole fan. Additionally, the generated TSR λh
is used to calculate the area-averaged wind speed through the fan disk. This is then
ported into the wake simulation for orchard performance.
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The blade pitch optimization is handled with a single gradient ascent call. The
objective function can be set to maximize total disk airspeed or fan efficiency, defined
in equation (5.3.12).
ηf an =

Ud T
Pout
=
Pin
QΩf

(5.3.12)

Notably, this efficiency maximum coincides with the pitch angle having the smallest
λh . For a typical fan, these functions take the shape seen in figure 3.5.

5.4

Wake Module

The wake model begins with information about the fan and the orchard configuration.
The fan simulation’s critical output is the disk-averaged airspeed Ud , which is used
as the initial jet velocity with the orifice diameter equaling that of the fan rotor.
The fan configuration includes setting the tower height h, configuring the thermal
inversion to the function described in section 4.1.2, defining the crop height and
critical temperature, and setting the fan’s tilt angle. The tilt angle can optionally be
optimized, for which another gradient ascent is performed using the effective distance
as an objective function.
The fan wake is simulated through the propagation of a set of differential equations
using an explicit 2nd - 3rd order Runge-Kutta solver, appropriate for the problem due
to the generally gradual changes in parameters. The set of equations changes when
the jet touches the ground and again once the jet becomes grounded. These sets
are shown in table 5.2. The multiplier τ in the temperature equations is a velocity
compensation term that allows for the inclusion of radiative and conductive cooling
effects when the plume becomes very slow. It is calculated as shown in equation
(5.4.1).
r
τ = −0.03 ∗
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1−

Vm
V0

(5.4.1)

Table 5.2: The differential equations used to model fan wake behavior

Quantity

Free jet

Grounding jet

Grounded jet

dby
=
ds

β0

βφ

βφ

dbz
=
ds
dMx
=
ds
dMz
=
ds
dx
=
ds
dz
=
ds
dc
=
ds
dT
=
ds

(
β0

dV
2 Mz
( 2−
) − ...
dV / ds βφ
Vm F r
ds
(−2
− )(bz + z)
βφ
sin φ
Vm
by
)(bz + z) −
by
D

0

0

0

2
(2R2 + 2Rby + b2y )
F r2

by
(bz + z)
F r2

0

cos φ

cos φ

1

sin φ
√
π
−5.94 2
2s
dc
(T − Tamb )
ds

sin φ

0

dc
dV / dsGround
∗
ds F ree
dV / dsF ree
dc
(
+ τ ) ∗ (T − Tamb )
ds

dc
dV / dsGround
∗
ds F ree
dV / dsF ree
dc
(
+ τ ) ∗ (T − Tamb )
ds
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to best fit observed fan performance data[12][4].
Since this is a Lagrangian formulation, additional work must be done to determine
the temperature at a point not along the wake’s centerline. This is done through
inverting the superposition of the Gaussian concentration profile onto the ambient
thermal gradient. The temperature at a given perpendicular distance r below the
centerline is given in equation (5.4.2).

T (r) = (Tjet − Tamb (z)) ∗ exp(−

r 2
) + Tamb (z − r cos φ)
1.2 ∗ bz

(5.4.2)

where Tamb (z) is defined by the inversion profile function. The plume width bz is
equivalent to the regular plume width by for a free jet, and is either the vertical width
bz or the plume’s height z for a grounded jet depending on whether the query point
is above or below the plume’s centerline. This equation can be directly solved to
find the temperature at crop height, or it can be inverted using a root finder such
as fsolve to generate isotherms with an input temperature solving for an output
distance.
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Chapter 6
ASSESSMENT AND RESULTS

6.1

Generalized Performance Trends

In this section, the effects of major design variables on overall performance are investigated to provide guidance in the design process.
Each variable sweep is based on the reference configuration in table 6.1, with all held
constant except for the variable being investigated. The crop height is fixed at 1 m
and the critical temperature is held at 0°C, or half of the inversion strength.

6.1.1

Fan Diameter

All of the differential equations that describe the plume’s path, enumerated in section
5.4, are nondimensionalized by fan diameter for length units and by initial momentum
flux for momentum units. Therefore, it is expected that the effective range would scale
linearly with the fan diameter if not due to the constant scale of the tower, inversion,
and crop height. Diameters between 1 and 10 meters are simulated, resulting in
the trend shown in the top left quadrant of figure 6.1. The expected linear trend
is observed, with a clear minimum fan diameter shown where the effective distance
drops to zero. The power required for the fan to run at the same speed will increase
with the square of diameter, however.

Table 6.1: Reference fan configuration
Diameter Velocity Tilt Height
Inversion
5m
10 m/s -10 ° 10 m -5 °C to 5 °C at 10 m
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Figure 6.1: The change in effective distance and turbine performance
brought on by the three sweep parameters
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6.1.2

Fan height

The effect of fan height is less clear from the governing equations. A lower fan will
not need to fight buoyancy for as long as a higher one, but will also be pulling from
cooler air lower in the inversion. The results of sweeping the fan height from 5m to
20m are shown in the top right of Figure 6.1. It appears from this chart that there is
an optimal height for the fan, which in this case is roughly 7.5m.
However, lowering the fan will work against the success of the machine when it operates as a turbine due to wind shear[16]. The effect of the tower’s height on turbine
performance can be estimated using a logarithmic wind shear profile, with a roughness length based on the type of terrain and ground cover. Wortman[30] provides a
roughness length of z0 = 50 mm for crops or vineyards, larger than that for a fallow
field but smaller than for a field with few trees. For an orchard with many trees like
an orange or avocado orchard, this length becomes z0 = 250 mm. For this sweep, it
is assumed that the site has 6 m/s wind speed at 20 m height The turbine is assumed
to have a power coefficient of 0.45 and the same diameter as the default fan. The turbine’s response to height change in both a vineyard and an orchard are shown in the
lower left plot in figure 6.1. By placing the turbine at 10m, it produces around 66%
of the available power at the site while still allowing the fan to be effective. Lowering
it to the optimal fan height (in this specific case) of 8 m would further reduce the
power capacity to only about 58% of available power. This tradeoff suggests that it
is highly critical that an appropriate site be selected with adequate knowledge of the
wind resource such that an effective tower configuration can be chosen.
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6.1.3

Fan Air Speed

The fan’s speed is expected to have a twofold effect on the distance. A higher initial
velocity will result in a higher Froude number, indicating the momentum dominates
buoyancy in the plume’s motion. This means that, at low enough speeds, the plume
may experience sufficient buoyant lift to not touch the ground at all, resulting a
buoyant oscillation about an equilibrium height. This will cause the plume to remain
roughly the same temperature, only affecting the crops with its outer extremities. The
velocity-decay related term described in chapter 5.4 in which temperature change is
related to the plume’s speed was formulated using the nondimensional velocity ratio,
so its inclusion should not contribute to the effect of fan velocity on its effective range.
This is because the shapes of turbulent jets are determined moreso by their orifice
diameter than their speed[15] and that spread rate is not dependent on speed. The
effects of changing fan speed on the orchard performance are shown in Figure 6.1.
There is a clear minimum speed required to overcome buoyancy, in this case 6 m/s.
At higher speeds, diminishing returns are observed. There are two likely factors at
play that begin to compete at higher speeds. At first, increasing the speed allows the
plume to reach the ground and affect the crops. As the speed increases, the plume
impinges on the ground at increasingly steep angles, at which point the spread rate
increases due to conservation of momentum[13]. As the speed increases to the higher
ranges shown, the centerline approaches a straight line and the impingement angle
approaches the fan tilt angle. At this point, there is essentially no provision in the
model for any other effects on the effective range, leading to the apparent asymptotic
behavior seen in the plot.
Recall the fan airspeed is essentially linear with the fan’s rotating speed per the fan
affinity laws and that the power required scales with the cube of the rotating speed.
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(a) Effective distance

(b) Nondimensionalized Area to Power Ratio

Figure 6.2: Effects of speed and twist on effective distance and pseudoefficiency metric
There exists, therefore, some speed for which the ratio of input power to affected area
is maximized. Presently, the code suggests that this optimum exists at an airspeed of
roughly 4 m/s and as steep of a tilt angle as is valid with the model (i.e. bounded to a
maximum of 30°per Tickle et. al. [13], and 20°before simulation instabilities arise). In
this example case, this optimum produces an effective range of around 190m, versus
around 260m in the reference configuration. The two-dimensional response to speed
and tilt angle is shown in figure 6.2. This nondimensional ratio of area to power serves
as a metric of pseudo-efficiency. It is noted that this suggests a substantially different
operating point for maximum efficiency than that currently employed by existing frost
fans. Further investigation into this metric, accompanied by experimental evaluation,
is an opportunity for future work.

6.1.4

Inversion Strength

The effects of inversion strength are difficult to elucidate from the governing equations.
Since the calculation of temperature spread and change throughout the plume is based
on the delta between plume temperature and ambient, it is expected that a stronger
inversion will more quickly cool the plume centerline. On the other hand, the plume
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will start at a higher temperature for the same reason. Additionally, the buoyancy
will be affected by the inversion strength due to the nonlinearity of the dependency
of density on temperature. The results of sweeping inversion strength between ±1°C
and ±10 °C are shown in the bottom right of figure 6.1 with the critical temperature
remaining fixed at 0 °C.

6.1.5

Number of Blades

Frost protection fans on the market are built with as few as two or as many as
five blades[3], making this a parameter worth investigating. Utility wind turbines
typically are built with three blades due to diminishing returns for four or more
blades coupled with the high cost of these large composite structures[16]. However,
for distributed wind systems, the lower cost of blades has led to some four- and fiveblade designs being offered. To investigate this, rotors with between two and six
blades are optimized with all other parameters remaining the same. The blade length
is fixed at 2.5 m, and the design windspeed is fixed at 6 m/s with a tip speed ratio of
4. The fan operating conditions are as described in the previous section, but with the
pitch angle and tilt angle being optimized for efficiency and range respectively. The
fan speed is limited to 408 RPM to keep the tip speed below 0.3 Mach. The results
of this sweep are shown in table 6.2 and figure 6.3.
This sweep suggests that there are indeed diminishing returns after three blades. For
all but the two-blade design, the values varied by less than 5% except for the power
required, which dipped slightly lower for the four-bladed case. Importantly, the blade
pitch and rotor tilt angles were different for each case, but only significantly different
for the two blade case which had a pitch of 11.3°as opposed to between 8°and 9°for
all of the others. This would likely make the two-blade design louder, one of the
motivating factors between some commercial four- and five-blade designs[3].
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Table 6.2: Effect of blade number on key parameters
Blades
2
3
4
5
6
Cp
0.438 0.458 0.469 0.476 0.481
ηf an
0.709 0.716 0.717 0.717 0.717
Pf an (kW ) 29.13 32.89 32.24 33.65 34.27
Vf an (m/s) 7.04
7.48
7.50
7.65
7.73
Range(m)
215
228
227
228
229

Figure 6.3: Effect of blade number on key parameters. Values are normalized by maximum of each quantity (see legend)
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6.2

Balance of Power Generation and Use

With the tools available to assess the full performance of a dual-purpose machine,
the feasibility of such a machine from a power perspective can be analyzed.

6.2.1

Annual Energy Production

Wind machines on the market typically have a diameter between two and three meters
and a tower height of 10.5 meters[3]. A wind turbine with a power coefficient of
Cp = 0.45 at this scale is achievable. Assuming the turbine is mounted in a field
that sees an average windspeed of 5 m/s, a 5m diameter turbine can be expected
to generate roughly 600W. In a windier location with an average speed of 8 m/s,
this number increases to 2.5 kW. According to the department of energy, small wind
projects with turbines of 10 kW nameplate capacity or lower have an average annual
capacity factor of around 15%[21]. Applying this capacity to the less windy location
nets an annual energy production of 788 kWh, and 3285 kWh for the windier location.
In 2020, the average electricity cost to industrial customers in California was 14.3 cents
per kWh[27], translating the above savings to between $113 and $470 per year per
machine, more than an order of magnitude less than the initial cost of typical wind
machines. Clearly, the average wind speed at the chosen site has a critical effect on
the power generation, as power scales with the cube of windspeed.

6.2.2

Annual Energy Expenditure

The machine described above uses 44 kW of power when operating at the efficiencyoptimized pitch angle at 470 RPM. This produces a windspeed of 8.2 m/s, covering
an area of between 3 and 10 ha depending on the inversion and crops. Wind machines
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operate for as long as a dangerous inversion exists, which could be throughout the
night in the winter[4][10]. This will be approximated as 10 hours of operation per cold
night. Somewhere like San Luis Obispo, which typically only sees one to three belowfreezing nights per year[19], would see an expenditure of 440 to 1320 kWh annually.
Even in this warm climate, the power requirement can outpace wind availability.
However, radiative frosts can occur in spring and fall as well, depending strongly on
the local topology and weather conditions such as cloud cover.
Alternatively, somewhere cold like the farms of Ontario, Canada may need to activate
the wind machines several times throughout the year. Assuming the fan needs to be
activated ten times, the energy expenditure will be 4400 kWh, significantly more than
the power expected to be produced in an optimistically windy location.

6.2.3

Feasibility

The large discrepancy between power generation and usage can be alleviated by the
equally large discrepancy in total usage time for each mode. However, as seen in the
above example, this balance depends critically on appropriate siting for both wind
resource and frost event frequency. It is unlikely that the majority of application
sites will see a net gain in electrical energy from the use of a dual-purpose machine.
However, even in ill-suited sites, it is important to compare the operating costs of
this machine to current machines. In the worst-case scenario above, with 10 inversion and low wind availability, the net power consumption of 3612 kWh would cost
approximately $500 annually using the same average power price as before. Currently available Orchard-Rite machines, which run on propane, consume 14 gallons
per hour with their Ford V-8 LPG engine[20]. At the time of writing, the average
cost of propane was $2.40 per gallon, corresponding to a fuel cost of $336 per inversion event. This means that the cost to run in the 10-inversion scenario is $3360 per
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Table 6.3: Summary of costs and savings in different scenarios for an
example combined machine and traditional wind machine
Scenario
Resource
Cost
Low Wind (5 m/s)
+788 kWh Electricity +$113 Savings
High Wind (8 m/s)
+3285 kWh Electricity +$470 Savings
Few inversions, Electric (3)
1320 kWh Electricity
$189 Cost
Few inversions, LPG (3)
420 gal. LPG
$1008 Cost
Many inversions, Electric (10) 4400 kWh Electricity
$629 Cost
Many inversions, LPG (10)
1400 gal. LPG
$3360 Cost
year, compared to the $500 per year with the electric machine even with a poor wind
resource. These findings are summarized in Table 6.3.
There is a substantial market for wind machines in warm places such as San Luis
Obispo, Napa, and Sonoma counties which all have substantial viticulture and currently employ fossil fuel-powered wind machines. Replacing such machines with
dual-purpose ones, where an appropriate wind resource is present, could allow for
an energy-neutral system to be installed such that the power generated equals or
exceeds that required for fan operation. Additionally, many places see their highest
wind in the mid afternoon[19], when electricity prices are highest due to increased
demand, and wind machines only typically need to be used late at night when prices
are lower. Like with rooftop solar power, this can help to bolster the energy gains
from such a system financially even if the balance of energy is not quite equal.
Other qualitative benefits of the machine come from its lack of individual internal
combustion engines. Currently, most wind machines are powered by independent
propane or diesel engines[3][12]. These engines, often the same as those used in cars,
require extensive maintenance of the fuel system, drivetrain, and engine internals.
For example, the three Orchard-rite machines on Cal Poly’s campus each have an
approximately 1000 gallon propane tank attached which must be monitored and refueled as needed. Maintenance for the three machines costs nearly $5,000 per year
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due to the ICE system (D. Chesini, Cal Poly Plant Science Operations Manager.
Private communication, April 2021). Though the proposed system will have its own
set of mechanisms, such as the blade pitch and rotor tilt mechanisms, the electric
motor/generator may require less extensive fueling and maintenance. Additionally,
the fact that the machines are grid- or microgrid-connected and electrically powered
means that they can still be run with renewable energy, even if not all of that energy
can be made up by the system itself.
A thorough cost-benefit analysis of a dual-purpose machines including manufacturing,
operating, and maintenance costs is another opportunity for future work.
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Chapter 7
CONCLUSION

The work in this thesis covered the creation of a novel suite of models to analyze
the performance of dual-purpose wind turbines and frost protection fans. A bladeelement-momentum model for turbine simulation was adapted from literature and
combined with a novel static fan blade-element-momentum model, and a turbulent
jet model was adapted for use as a frost protection simulation. The behaviors of
these models were validated against multiple experimental data sources appropriate
for each phenomenon. The models were then explored to determine ways that designs
could be automatically optimized to the best ends of the system as a whole.
A main objective of this work was to determine the feasibility of such a machine.
The simulations suggest that such a machine could make sense under certain circumstances, namely in sites with an adequate wind resource that experiences radiative
frost freezes. An area like the wine country of San Luis Obispo county, for example,
may have good sites for such a dual purpose machine. However, if the wind resource is
not adequate, then the balance of generated and spent power quickly tips the scales
to the point that the electricity generated throughout the year is significantly less
than that which would be used for fan operation. This is, of course, in contrast to
existing wind machines, which provide no power under any condition.
Since there is such an uncertain range to whether or not the machine will be purely
energy-positive, other qualitative benefits of such a machine should also be considered.
The machines would by design use electric motors rather than fossil-fuel powered
combustion engines. This could potentially reduce maintenance costs, significantly
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reduce energy costs, and could help to reduce the carbon production of the user as the
electricity could come from other renewable sources, such as solar or purpose-built
wind turbines.
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APPENDICES

Appendix A
FAN BEM DERIVATION

The derivation of the fan-specific BEM equations follows a similar strategy to the
turbine BEM derivation in Manwell[16]. The streamtube and velocity triangles are
reprouced in figure A.1.
The tangential velocity component rΩ(1 − a′ ) can also be expressed as ud λrh (1 − a′ ),
allowing for the multiple expressions of urel as presented in equation (3.1.3).
Continuity through the streamtube allows for mass flow rate to be calculated.

ṁ = ρAud

(A.1)

From the conservation of momentum, the thrust force on the disk (positive in the
opposite direction of flow) must cancel the momentum exiting the downstream end
of the tube.
T = ṁu4

(A.2)

Conservation of energy allows for a relationship to be found between ud and u4 . The
specific fluid energy at any point in the streamtube can be calculated.

e = 21 ρu2
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(A.3)

(a) Stream tube

(b) Velocity triangle

Figure A.1: Fan BEM schematics
To determine the rate of energy transfer out of the control volume, i.e. at the downstream exit, this can be integrated over the exit surface.
ZZ

( 21 ρu24 )u4 dS = 12 u24 ṁ

(A.4)

This energy loss must be balanced by the power exerted on the fluid by the disk.

Pdisk = T udisk = ṁu4 udisk

(A.5)

These can the be equated to relate the disk speed to the exit speed.
ṁu4 udisk = 12 u24 ṁ
udisk =

(A.6)

1
u
2 4

With this relationship, the thrust can be expressed as a function of disk airspeed.

T = 2ρAu2d
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(A.7)

Additionally, the torque applied to the fan must be balanced by the change in angular
momentum in its wake as shown in equation (A.8), which is the same as for a turbine
with wake rotation rate ω except for the ud h term.
dQ = dṁωr2
= ρud h dA ωr2
(A.8)
3

= ρud h2πr ω dr
dQ = 4πρud hΩa′ r3 dr

The section thrust force and torque from blade element theory are the same as for a
turbine.

dT = 12 ρu2rel BcCn dr

(A.9)

dQ = 21 ρu2rel BcrCt dr

(A.10)

Equation (A.7) can be discretized into stream rings in the same way as for a turbine,
where the axial speed is scaled according to the local induction factor h.

dT = 2ρ(ud h)2 2πr dr

(A.11)

The momentum and blade-element derived dT and dQ can then be equated for
equilibrium. Because the fan case applies energy to the flow instead of the other way
around, the Prandtl tip loss factor F is applied to the opposite side of the equation
as it is for turbines. First, thrust is balanced in equation (A.12).

4(ud h)2 πr dr = F ρu2rel σ ′ 2πrCn dr
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(A.12)

Canceling like terms and substituting relative windspeed from (3.1.3) yields the relationship shown in equations (A.14).
4(ud h)2 = F σ ′ u2rel Cn

(A.13)

4/F = σ ′ Cn / sin φ2
r
φ = arcsin

σ ′ Cn F
4

(A.14)

Similarly, the torque equations (A.8) and (A.10) are equated to yield the relationship
in equation (A.16).

4ud hΩa′ πr3 dr = 21 F ρu2rel σ ′ 2πr2 Ct dr
4ud hrΩa
4h

′

rΩ ′
a
ud
a′

Let ζ

u2d λ2hr (1 − a′ )2
Ct
=F
cos φ2
1 − a′
=F
Ct
cos φ2
Ct F
= (1 − a′ ) ∗ (
)
4 tan φ cos φ2
Ct F
=
4 tan φ cos φ2

1
a′ = ( + 1)−1
ζ

(A.15)

(A.16)

The last necessary equation for the solver is one relating h to the other variables, for
which we can simply use the geometric definition.

h = λrh (1 − a′ ) tan φ
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(A.17)

Equations (A.16), (A.14), and (A.17) are used alongside the definition of the Prandtl
tip loss factor, geometry, and airfoil data as described in chapter 5.3 equations (5.3.1)
through (5.3.11) to solve the fan problem.
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Appendix B
USER INTERFACE AND WORKFLOW

To package all of the modules described in chapter 5 into a contiguous software, a
GUI was developed with the MATLAB App Designer. The GUI allows for a complete
run-through of the design and analysis of a dual-purpose machine using the methods
described in this report. Because each step in the simulation builds upon the last,
the program is organized in a sequential fashion.
First, the user generates a blade shape in the wind turbine context. The program
opens on the Turbine Design inputs tab and the Blade Geometry output tab. In the
turbine design tab, the user specifies the blade radius, number of blades, tip speed
ratio, design windspeed, number of blade sections, and defines a thickness profile for
the blade. The user then has the option of either using the simplified BEM optimal
turbine shape, which does not require iteration time, or using the optimizer which
produces a more powerful and smaller blade.
The user also has the option to change the atmospheric parameters in the Atmosphere
settings tab. This tab allows the user to specify the temperature and elevation of
the wind turbine’s location and uses a standard atmosphere model to calculate the
pressure, density, and viscosity that result. The user can override these values if
desired.
Once the user generates the blade, a 3D visualization of the rotor appears in the blade
geometry window alongside the blade’s planform area and rotor solidity. A tool is
also included to allow the user to see which airfoil has been selected for each blade
section.
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The user can then switch to the Turbine Performance tab to see interactive plots of
the bladewise performance parameters and readouts of the whole rotor performance
information. This window also includes a section that allows the user to change the
operating parameters of the turbine to simulate its off-design performance.
Once a blade has been designed acceptably for wind turbine use, the user can then
open the Fan Design tab. This contains two sub-windows for the fan configuration
and for the orchard properties. In the fan window, the user sets the blade pitch or
chooses to allow the program to optimize this value. The user then defines the fan’s
operating speed either by setting an RPM limit, a Mach limit for the blade tip, or a
power input limit. This then populates the Fan Performance tab, which is identical
to the turbine performance tab except it contains more whole-rotor readouts. To
re-simulate the fan blade, the original fan configuration window is used.
With the fan performance calculated, the orchard performance area becomes unlocked. The user specifies the height and strength of the thermal inversion, as well as
the crop height and crop critical temperature. The user then specifies the distance
to simulate the wake, and either enters the fan tilt angle or allows the program to
optimize the tilt. This then fills out the Wake Performance tab and the Wake visualization tab. The former contains interactive plots for plume properties, while the
latter contains a 2D image of the plume’s propagation. In this window, the effective
distance and coverage area for the fan are read out, and a subwindow allows the user
to add isotherms to the plume map.
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Appendix C
EXAMPLE: AUSSIE FROST FANS FROSTBOSS C59 REPLICATION

For an example design, take the Aussie Frost Fans FrostBoss C59. This fan has
a diameter of 5.5m, a tower height of 10.5m, operating speed of 370 RPM and five
blades. The diesel engine produces 137 kW of mechanical power, with a coverage area
of nearly 10 ha under clear, calm conditions[3]. The present program will be used to
design a similar fan as a dual-purpose machine and performance will be compared.
First, some additional parameters must be selected. A design windspeed of 6 m/s
and tip-speed ratio of λ = 4 are chosen. The resulting blade geometry and turbine
performance are shown in figure C.1

C.1

Benchmark

First, the fan will be configured like the C59 is to compare predicted performance to
their published information. The blade pitch will be set to use 50% of the available
power from the engine, 70 kW. This leaves plenty of room for engine inefficiencies, as
well as the transmission that goes through two 90 degree gearboxes to transmit power
up through the tower and to the fan. The fan performance at this pitch is shown in
figure C.2.
The angle of attack and induction factor plots are shown as examples of what these
bladewise performance parameters typically look like. The angles of attack decrease
outboard of the hub rather than hovering around a constant value as they would in
turbine mode due to the discrepancy between the two modes’ tip-speed ratios. The
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(a) Rotor geometry

(b) Turbine performance window

Figure C.1: Turbine design and performance for a machine designed like
the FrostBoss C59
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Figure C.2: Fan performance attempting to match the C59
induction factors follow a curve that increases to its maximum covering the middle
half of the blade, while the outboard edge is affected by tip losses and the inboard
edge suffers from high angles of attack.
The orchard performance is then analyzed through the Orchard Properties window.
The default inversion is used for comparison, with an assumed tilt angle of 10 degrees
downward. The results of the orchard simulation are shown in figure C.3.
With the default inversion profile, the fan has an effective coverage area of 7 hectares,
right in the middle of the claimed range of 6 to 8 as described in Aussie Frost Fans’
brochure[3]. Of course, it is difficult to know if this inversion and crop configuration
are appropriate due to the lack of published information about how they arrived at
this number.
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(a) Orchard simulation

(b) Wake performance window

Figure C.3: Orchard performance of the C59 matching sim.

79

Figure C.4: Performance of optimized fan blade
From the fan performance window in figure C.2, it seems that the fan is not performing
at its peak efficiency point. Next, a redesign will be attempted using the program’s
optimizers.

C.2

Redesign

First, as the pitch was manually set to 15°before, it will now be optimized such
that the blades are operating at their highest efficiency. The results of this new fan
simulation are shown in figure C.4.
Now, rather than using 70 kW to produce 9 m/s wind, the fan uses 40 kW to produce
7.6 m/s wind. This is slower, but due to the cubic relationship between power and
speed, it is a far more efficient operating point. Notice that the angles of attack
towards 75% chord are near 6°as opposed to 10°in the previous case. The induction
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factor is more evenly spread across the blade as well, instead of relying heavily on the
most outboard sections.
This reduced windspeed will on its own reduce orchard performance. However, the
previously selected tilt angle of -10°may not have been the optimum, so this will now
also be driven by the program’s optimizer. The results of this are shown in figure
C.5.
The nearly 20 hectare coverage area is significantly higher than the previous 7 hectares.
While this sounds like an unreasonable performance improvement at first, consider
the sensitivity of the simulation to the orchard parameters. Comparing the temperature at 1m between the two configurations, the temperature 150m downrange is only
about 1°C higher in the optimized sim than the unoptimized one. This reinforces the
notion that the coverage area and range estimates from this program are more useful
as a measure of improvement or worsening rather than a reliable estimate of how
much area the fan could actually cover in a real orchard. For that, more extensive
empirical data would be required to determine the extent to which crop type and
height affects the dissipation of the plume.
The spike in the velocity of the optimized turbine is a result of the fact that the
potential core had not yet vanished when the plume began grounding, so the velocity
profile switched from ZFE to ZEF before it otherwise would have. However, the ZEF
curve is still where it should be relative to the downrange distance as seen at higher
ranges like 200m where the speeds nearly match between the simulations. The decay
function is based on distance from the fan plane and does not require continuity from
the ZFE to maintain correctness. This is verified by the fact that the plume width
continues to increase linearly, meaning the momentum closure is still satisfied.

81

(a) Orchard simulation

(b) Wake performance window

Figure C.5: Optimized orchard performance results
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